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Fine-scale comparison of TOMS total ozone data with 
model analysis of an intense Midwestern cyclone 
Mark A. Olsen, 1 William A. Gallus Jr., 2 John L. Stanford, 1 and John M. Brown 3 
Abstract. High-resolution (-40 km) along-track total column ozone data from the Total 
Ozone Mapping Spectrometer (TOMS) instrument are compared with a high-resolution 
mesoscale numerical model analysis of an intense cyclone in the Midwestern United 
States. Total ozone increased by -100 DU (nearly 38%) as the TOMS instrument passed 
over the associated tropopause fold region. Complex structure is seen in the 
meteorological fields and compares well with the total ozone observations. Ozone data 
support the meteorological analysis showing that stratospheric descent was confined to 
levels above -600 hPa; significant positive potential vorticity at lower levels is attributable 
to diabatic processes. Likewise, meteorological fields show that two pronounced ozone 
streamers extending north and northeastward into Canada at high levels are not bands of 
stratospheric air feeding into the cyclone; one is a channel of exhaust downstream from 
the system, and the other apparently previously connected the main cyclonic circulation to 
a southward intrusion of polar stratospheric air and advected eastward as the cut-off 
cyclone evolved. Good agreement between small-scale features in the model output and 
total ozone data underscores the latter's potential usefulness in diagnosing upper- 
tropospheric/lower-stratospheric dynamics and kinematics. 
1. Introduction 
This paper compares high-resolution satellite-derived total 
column ozone observations with a high-resolution mesoscale 
model analysis near the time of lowest central pressure of an 
intense storm system over the central United States. Significant 
consistency of the analysis and ozone fields at fine-scales will 
be demonstrated. Before the comparisons are made, we review 
several concepts central to the investigation, potential vorticity 
(PV) and total column ozone. 
In the 1940s and 1950s, PV was shown to be a promising 
diagnostic tool in understanding midlatitude cyclogenesis and 
tropospheric dynamics [e.g., Rossby, 1940; Kleinschmidt, 1951; 
Reed, 1955]. Ertel [1942] showed that PV evaluated on isen- 
tropic surfaces is conserved in the absence of diabatic or fric- 
tional effects. More recently, Haynes and Mcintyre [1987] 
showed that changes in the magnitude of PV within a layer 
bounded by isentropic surfaces can only come about through 
flow across isentropes. 
Ertel's [1942] potential vorticity in isentropic coordinates is 
00 
PI/= -grlo Op ' (1) 
where r/0 is the absolute vorticity evaluated on an isentropic 
surface. Potential vorticity is a function of the atmospheric 
static stability, and the stratosphere is therefore a reservoir of 
high values of PV. Anomalously large values of PV found at 
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locations normally in the troposphere generally indicate the 
presence of air originating in the stratosphere. One such fea- 
ture associated with the descent of stratospheric air is the 
tropopause fold. Tropopause folds associated with intense 
midlatitude cyclones are discussed by a number of authors and 
reviewed by Reed [1990], Uccellini [1990], and Shapiro and 
Keyset [1990]. Tropopause folds are often associated with in- 
tense low-level cyclogenesis and enhanced stratospheric- 
tropospheric exchange [see, e.g., Danielsen, 1968; Lamarque 
and Hess, 1994]. Furthermore, through the invertibility princi- 
ple [Hoskins e! al., 1985], if the isentropic potential vorticity 
distribution is known and an appropriate balance can be as- 
sumed in the atmosphere, the wind field (and temperatures 
and heights) can be derived. 
Total column ozone (also referred to as total ozone) is 
typically expressed in Dobson units where 1 DU = 10 -s m at 
standard temperature and pressure [Andrews et al., 1987]. To- 
tal ozone, D, is proportional to the integral 
f PX dz. (2) 
Here p is the density of air, X is the ozone mixing ratio, and z 
is the geometric height. A constant of proportionality ensures 
units of DU [Ziemke and Stanford, 1994]. Thus total ozone is 
the integrated ozone profile through the depth of the atmo- 
sphere, and ozone-rich stratospheric air at normally tropo- 
spheric heights will give a large contribution to the total ozone. 
If abnormally large values of total ozone are observed, accom- 
panied by high PV at middle- to upper-tropospheric altitudes, 
it may suggest an intrusion of stratospheric air [e.g., Danielsen 
et al., 1987; Schubert and Munteanu, 1988]. Ozone of tropo- 
spheric origin, much of which is chemically produced from 
surface anthropogenic processes, will not in general be corre- 
lated with high PV. 
For over 70 years an association between total ozone and 
weather patterns has been known (see early work of Dobson 
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and colleagues reviewed by Dobson [1968]). A clear relation- 
ship between ozone and meteorological fields such as temper- 
ature, wind, and height of pressure surfaces has been noted 
[Shapiro et al., 1982; Stanford and Ziemke, 1996; Ziemke and 
Stanford, 1997]. Vaughan and Price [1991] show a correspon- 
dence between total ozone and absolute vorticity down to 
subsynoptic scales. They also show that at least half of the 
ozone variance is related to vorticity variations just above the 
tropopause. Henriksen and Roldugin [1995] correlate ozone 
station data with 100 and 500 hPa temperatures and heights to 
conclude that dynamics are the primary cause of total ozone 
changes for timescales of a few days or less. 
Length and timescales of middle- to upper-stratospheric 
ozone variations are frequently much larger than those near 
tropopause heights. Consequently, since ozone is long-lived 
near the tropopause (i.e., parcels of air moving adiabatically 
will conserve values of PV and ozone-mixing ratio in the ab- 
scence of mixing), much of the total column ozone variation at 
synoptic and subsynoptic scales can be anticipated to be due to 
fluctuations in tropopause height that are forced by vertical 
motions associated with baroclinic systems [Mote et al., 1991; 
Vaughan and Price, 1991]. Schubert and Munteanu [1988] illus- 
trate this by demonstrating a strong correlation of midlatitude 
total ozone and tropopause pressure on synoptic scales. 
Many studies have qualified and quantified the relationship 
between ozone distributions and PV fields [e.g., Reed, 1950; 
Allaart et al., 1993]. Price et al. [1994] demonstrate strong grid 
correlations between PV and Total Ozone Mapping Spectrom- 
eter (TOMS) total ozone observations for synoptic scales in 
the lower stratosphere. The large-scale PV-ozone correspon- 
dence has been used in many studies to investigate upper- 
troposphere/lower-stratosphere dynamics. Rood et al. [1997] 
exploit the correlation to validate model transport investigat- 
ing synoptic waves. Vaughan et al. [1994] use PV as a surrogate 
for ozone to estimate the amount of ozone transported into the 
troposphere in a tropopause fold. Understanding of the rela- 
tionship between total column ozone and vertical variations in 
PV on subsynoptic scales (hundreds of kilometers) remains 
incomplete and is a focus of the present paper. 
This paper will examine both standard meteorological fields 
and TOMS ozone data within the context of an exceptionally 
intense cyclone. Particular consideration is given to the 
ozone-PV relationship on small scales. Section 2 provides de- 
tails of the storm setting, the mesoscale model used, and the 
ozone data set. Next, the comparisons of the ozone fields with 
model analysis geopotential heights, PV, and winds are pre- 
sented. We conclude with a discussion and summary of the 
results. 
2. Meteorological Setting and Data 
2.1. Brief Description of Cyclonic Event 
During the period November 9-10, 1998, rapid cyclogenesis 
occurred over the central plains of the United States. A surface 
cyclone, located in central Kansas at 0000 UTC on November 
l0 with a central pressure of 992 hPa, deepened to 964 hPa by 
1700 UTC (Plate l) as it moved northeastward into southern 
Minnesota. The central pressure fell 15 hPa in the 0600-1200 
UTC period alone. Record low sea level pressure readings 
were set in both Iowa and Minnesota, accompanied by dam- 
aging surface winds exceeding 40 m s -•. 
The rapid cyclogenesis was accompanied by the develop- 
ment of an intense closed circulation through a large depth of 
the troposphere. In addition, a pronounced tropopause fold 
was present during this period. The life cycle of this event was 
representative of an LC2 cyclone as described by Thomcroft et 
al. [1993]. Unusually large values of PV, indicating air of 
stratospheric origin, were present in much of the atmosphere 
above 450 hPa. Large values also developed by 1200 UTC at 
lower levels in a region of significant diabatic heating where 
precipitation and strong ascent occurred. Potential vorticity 
remained significant at low altitudes through the remainder of 
November 10. 
2.2. EP/TOMS and MAPS Data Sets 
The Earth Probe Total Mapping Spectrometer (EP/TOMS) 
satellite measures total column ozone. The polar-orbiting EP/ 
TOMS makes 35 measurements every 8 s in a right to left scan 
(3 ø steps of instrument angle) perpendicular to its approxi- 
mately south-north orbit. In December 1997 the orbit was 
elevated to provide -90% global coverage (narrow data gaps 
occur between orbits from -40øS to 40øN). The orbit was 
elevated to reduce the size of the orbital data gaps after the 
failure of the higher altitude Advanced Earth Observing Sat- 
ellite Total Ozone Mapping Spectrometer (ADEOSfI'OMS). 
The maximum horizontal resolution (minimum distance be- 
tween sample points in the direction of the scan) near nadir is 
-40 km. The random error is +2%. Further details of the 
EPfI'OMS instrument and data sets are given by McPeters et al. 
[1998]. In this study we utilize the EPfI'OMS Level-2 (along- 
track, nongridded) data to provide the highest possible reso- 
lution total ozone data. At midlatitudes, the 1 ø x 1.25 ø TOMS 
gridded data set (Level-3) can use several measurements in 
calculating its grid box averages; the finest scales may therefore 
be considerably smoothed. 
We make comparisons with analyses produced by the 40-km 
horizontal-resolution, 40 vertical-level Mesoscale Analysis and 
Prediction System (MAPS). The MAPS, the development ver- 
sion of the Rapid Update Cycle-2 (RUC-2) operational at the 
National Centers for Environmental Prediction (NCEP), Na- 
tional Weather Service, is a four-dimensional data assimilation 
system run in real time at the Forecast Systems Laboratory in 
Boulder, Colorado. MAPS produces hourly analyses by com- 
bining the 1-hour forecast from the previous hour with any 
observations (rawinsonde, wind profilers, commercial aircraft 
of opportunity, routine surface observations, and others, in- 
cluding geostationary satellite over water) that arrive during 
the hour spanning the nominal analysis time. The primary data 
sources over the region and time of most interest here are the 
National Oceanic and Atmospheric Administration (NOAA) 
Profiler Network (horizontal wind) and commercial aircraft 
(temperature and horizontal wind, chiefly in the layer between 
300 and 200 mb). Intrinsic accuracy of each of these measure- 
ments is -2 m s- • root mean square vector error [see Schwartz 
et al., 2000; Benjamin and Schwartz, 1999 and references there- 
in]. An advantage of MAPS is that except near the ground, the 
vertical coordinate is virtual potential temperature, allowing 
high vertical resolution within regions of high-static stability, 
such as upper tropospheric fronts and the lower stratosphere. 
It is recognized that the quality of the analyses above -420 K 
is inferior to that below; the main emphasis in this study is the 
layer between 300 and 400 K. 
The horizontal resolution of MAPS compares well to the 
EP/TOMS near-nadir resolution, and the hourly analysis out- 
put minimizes the time difference between the model and 
EP/TOMS data. The local equator crossing time for the EP/ 





Plate 1. Mean sea level pressure (hPa) at 1700 UTC, November 10. Standard convention used for labeling 
of fronts. Contour interval is 4 hPa. 
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Plate 2. Earth Probe Total Ozone Mapping Spectrometer (EP/TOMS) measurements on November 10, 
1998, of (a) total column ozone and (b) reflectivity measured at 360.4 nm. A portion of one orbit is shown. 
The local equator crossing time is 1655 UTC with measurements shown occurring -6-18 min later. Total 
ozone is measured in Dobson Units (DU) and reflectivity as a percentage of reflected incoming solar 
radiation. Dashed lines denote latitude and longitude at 5 ø intervals. Contour values as indicated on the color 
bars. 
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Plate 3. EP/TOMS total ozone (color shading) as in Plate la 
and 40-km Mesoscale Analysis and Prediction System (MAPS) 
model heights (contour lines) at 350 hPa. Height contour in- 
terval is 50 m. Model data are from the 1700 UTC analysis 
field. 
TOMS orbit that passes over the cyclone on November 10 is 
1655 UTC. Since the measurement times are -6-18 min later 
at 20ø-60øN, we use the 1700 UTC MAPS analysis fields for 
comparisons. Short timescale evolution cannot be depicted 
with polar-orbiting TOMS observations which are available 
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Plate 4. MAPS analysis vertical cross section at 1700 UTC 
November 10 of potential vorticity (color shading at 2 PVU 
intervals) and potential temperature (white contours; intervals 
as indicated). Cross section is oriented SSE-NNW (line c in 
Plate 7a). Bold, black contour is the dynamically defined tropo- 
pause taken to be 2 PVU in this paper. 
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Plate 5. EP/TOMS total ozone as in Plate la and 40-km 
MAPS tropopause pressure defined as the greatest altitude 2 
PVU surface within the model vertical domain. The tropo- 
pause pressure is contoured in 50 hPa intervals. Model data 
are from the 1700 UTC analysis field. State outlines removed 
to enhance readability. 
values of 1-3.5 PVU are typically used to dynamically define 
the tropopause. In this paper we assume the tropopause to be 
defined by the 2 PVU surface. The main conclusions would not 
be significantly altered by choosing 3 or 3.5 PVU. 
The total column ozone for one EP/TOMS orbit is shown in 
Plate 2a. Noteworthy features include the pool of ozone rich 
air seen over Canada and the hook-like feature centered near 
42øN, 94øW and extending from eastern Montana, circling 
Iowa to Wisconsin, and then back to the Dakotas. Also, two 
bands of enhanced ozone extend northeastward over Canada 
from the hook. These four features are the focus of this paper. 
As is typical of an LC2 cyclone, the hook feature evolved from 
the southward intrusion of polar stratospheric air. 
2.3. Cloud Effects 
Plate 2b shows the reflectivity at 360.4 nm as measured by 
EP/TOMS for this orbit. Reflectivity is the percent of incoming 
solar radiation that is reflected rather than absorbed or trans- 
mitted. This is a good indication of the height and thickness of 
clouds. A high, thick cloud associated with a thunderstorm 
exhibits high reflectivity. The TOMS retrieval algorithm ad- 
justs total column ozone for clouded scenes [McPeters et al., 
1998]. A minimum in total ozone is observed in Plate 2a from 
southern Louisiana to southern Tennessee. With total ozone 
values -10% (-25DU) less than in nearby areas, the location 
of [his band coincides with the very high-reflectivity band in- 
dicative of high, thick clouds along a narrow line of intense 
thunderstorms occurring at this time from southern Louisiana 
northeastward through northern Alabama (Plate 2b). The 
magnitude of the total ozone decrease and the fact that adja- 
cent areas of similar tropopause pressure but lower reflectivity 
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Plate 6. EP/TOMS total ozone as in Plate la and 40-km MAPS potential vorticity and winds on the (a) 310 
K and (b) 320 K isentropic surfaces. Potential vorticity contours begin at 2 PVU, and the interval is 2 PVU. 
Standard wind barbs are shown at every sixth model data point (short barb = 5 m s -z, long barb = 10 m s -1, 
and filled flag = 50 m s-l). Model data are from the 1700 UTC analysis field. State outlines removed to 
enhance readability. 
do not show this minimum suggest hat the TOMS retrieval 
algorithm underestimated the total ozone here due to cloud- 
tops that were much higher than the climatological cloud pres- 
sure used in the algorithm. In the northern Minnesota and 
Great Lakes region, where reflectivity magnitudes are similar 
to values in southeastern Louisiana, the algorithm cloud height 
is much higher. The algorithm cloud heights are climatological 
monthly means over a 0.5 ø x 0.5 ø latitude-longitude grid and 
are not based upon tropopause height. In this case, the greater 
difference between actual and assumed cloud height, leading 
to greater ozone error, would occur over southern Louisiana. 
In addition, the strong correlation between the reflectivity and 
the total ozone is not evident in the more northerly locations. 
Except in the southern band just mentioned, errors introduced 
by clouds are thought to be minimal [McPeters et al., 1998]. 
3. Comparison of Total Ozone With 
Meteorological Analysis 
3.1. Geopotential Heights 
Stanford and Ziemke [1996] show a strong correlation be- 
tween total ozone binned to 5 ø latitude x 15 ø longitude blocks 
and midlatitude geopotential heights on constant pressure sur- 
faces in the upper-troposphere/lower-stratosphere. The 
present work reveals that these relationships also exist at scales 
an order of magnitude less. Plate 3 shows geopotential heights 
on the 350 hPa surface. Favorable comparison of ozone con- 
tours to geopotential heights in the ozone hook region exist 
where the height contours lie within the lower stratosphere. 
For example, the 7800 m closed contour compares well with 
the shape of the ozone contours along the southern and east- 
ern edge of the hook from western Nebraska to Wisconsin. 
This portion of the height contour extends through the strato- 
spheric intrusion. The northern side of this closed contour, 
which is in the troposphere, does not compare well to the 
ozone contours. At altitudes at and below 600 hPa (not shown) 
the height contours are not as well correlated with the total 
ozone gradient, indicative of ozone-poor tropospheric air at 
these levels. This cyclone does not display significant vertical 
tilt at this time. 
North of the ozone hook, the association of the height con- 
tours with the bands of enhanced ozone is also dependent on 
altitude. The eastern band compares best with the orientation 
of the height contours around 200 hPa (not shown). Below this 
altitude, this likeness diminishes for the eastern ozone band 
with the height isopleths increasingly crossing the band. The 
western ozone band remains essentially parallel to the height 
contours down to ---450 hPa. 
3.2. PV and Winds 
We next examine the relationship of total ozone with PV 
and winds. Plate 4 shows a vertical cross section along a TOMS 
SSE-NNW track from 33 ø to 58øN (line c in Plate 7a). The 
southward and downward 2 PVU "tongue" indicates a tropo- 
pause fold along the southern edge of the cyclone. The isen- 
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Plate 7. (a) EP/TOMS total ozone as in Plate la. Left-hand vertical axis displays latitude. (b-e) White lines 
in Plate 7a denote the cross sections shown. Profiles are chosen to coincide with constant scan angles of 
EP/TOMS along the satellite orbit. Vertical profiles of MAPS potential vorticity are shown with the total 
ozone values at scan angles of -33 ø (Plate 7b), -15 ø (Plate 7c), 0 ø (Plate 7d), and +21 ø (Plate 7e). Negative 
scan angles imply west of nadir. The MAPS potential vorticity is contoured in intervals of 1 PVU beginning 
at 2 PVU, and the red contour is EP/TOMS total ozone scaled on the right-hand vertical axes. 
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tropes reveal an intense middle and upper tropospheric front 
from ---36 ø to 37øN. 
The southern edge of the ozone contours indicating the pool 
of polar air over Canada agree approximately in shape and 
location with the 300 hPa contour of tropopause pressure 
(Plate 5). Potential vorticity and winds on two isentropic sur- 
faces are shown in Plate 6. The 2 PVU contour on the 310 K 
surface (Plate 6a) compares well with the total ozone gradient 
of the southward intrusion of stratospheric polar air. 
The southern and eastern edge of the ozone hook is also 
defined well by the 300 hPa isobar of tropopause pressure 
(Plate 5). The 2 PVU contour on the 310 K surface (Plate 6a) 
agrees well with the steep total ozone gradient on the eastern 
edge of the hook. At the ozone hook's southern edge, where 
the tropopause fold penetrates most deeply, the 2 PVU con- 
tour at 310 K is displaced southward of the maximum total 
ozone gradient. The 310 K surface lies within the narrow 
tongue of the tropopause fold throughout his region (see, e.g. 
Plate 4) and here only a slight increase of total ozone is ob- 
served. Processes associated with the destruction of the fold 
may be occurring that serve to mix stratospheric ozone-rich air 
with ozone-poor tropospheric air. 
The PV contours on the 320 K surface (Plate 6b) extend 
much farther into the east central region of the ozone hook 
and display greater gradients. The 2 PVU contour south of the 
ozone hook lies closer to the maximum total ozone gradient 
since the 320 K surface does not penetrate as far downward 
into the tropopause fold (Plate 4) as the 310 K surface. Total 
ozone maxima can sometimes be associated with PV features 
on particular isentropic surfaces. For example, a PV maximum 
near 47øN and 107øW on the 320 K surface compares well to 
the location of a total ozone maximum, further illustrating the 
fine-scale correlation of PV and ozone mixing ratio. 
The PV contours on isentropic surfaces at altitudes greater 
than 320 K (not shown) cover more area in the central hook 
region as the surfaces increasingly intersect more stratospheric 
air. Also, these higher surfaces do not lie within the tropopause 
fold, and the PV contours tend to better correlate with the max- 
imum total ozone gradient along the southern edge of the hook. 
The cyclonic jet streak on the 310 K surface (Plate 6a) is 
near the maximum total ozone gradient on the eastern edge of 
the hook. South of the hook, the jet streak is displaced south- 
ward of the maximum total ozone gradient in the region of the 
tropopause fold. A closed circulation is evident in the central 
region of the hook. Winds on the 320 K surface (Plate 6b) 
display similar attributes. On these higher surfaces, the jet 
streak extends farther west along the PV streamer emanating 
from the northwest United States. Above 320 K (not shown), 
the isentropic surfaces lie above the tropopause in the central 
hook region, and the closed circulation weakens and vanishes 
with increasing height. In general, away from the fold region, 
maximum wind locations on a given isentropic surface tend to 
compare well with the maximum total ozone gradient where 
the isentropic surface intersects the tropopause. 
Two interesting features in the total column ozone field 
(Plate 2a) are the anticyclonically curved bands of enhanced 
ozone extending north from the cyclone. One might mistakenly 
assume that the western band, extending northeastward from 
eastern Montana, and possibly the eastern band, northeast- 
ward from the eastern Dakotas, are cyclonic streamers that 
feed ozone-rich air into the cyclone circulation. However, no 
flow is directed toward the cyclone along the total ozone bands 
at any level. Higher in the stratosphere, the winds become less 
parallel to the western band with a larger component of flow 
crossing the total ozone contours. The winds remain essentially 
parallel with the eastern band to the top model levels. 
The southern end of the western band coincides with a sharp 
trough axis aligned along the 105øW meridian. The western 
band parallels the PV contours in Plate 6 with a PV ridge 
lagging the total ozone band. A small eastward oriented tropo- 
pause fold (not shown here) exists near the southern portion of 
this band. This band of ozone shows the characteristics of a 
streamer previously connecting the hook feature with the 
southward intrusion of the pool of polar stratospheric air and 
now being advected eastward north of the cut-off cyclone. In 
contrast, the eastern band indicates ozone-rich air exhausting 
away from the cyclone. 
3.3. Vertical Profiles 
The correspondence between total ozone and subsynoptic 
meteorological features in Plate 6 is striking, and we next 
consider vertical variations. Significant vertical structure of PV 
is evident in the cross sections shown in Plate 7. The vertical 
profiles are chosen to coincide with EP/TOMS tracks along 
several of the 35 scan positions as denoted in Plate 7a. The 
MAPS model fields are linearly interpolated horizontally to 
the location of each ozone measurement. 
Plate 7b shows the vertical projection of PV overlaid with 
the total ozone measurements along a portion of one EP/ 
TOMS track (line b, Plate 7a). The tropopause fold and intru- 
sion are evident, extending from -250 hPa at 44øN to near 650 
hPa at 33øN. Over the lowest altitude portion of the fold 
(33ø-37øN), total ozone increases slowly with latitude, then 
rises dramatically near 37øN to a maximum near 40øN. In the 
region corresponding to the primary stratospheric intrusion air 
mass, the percentage changes are sizable. For example, in Plate 
7d, total ozone increases -100 DU (nearly 38%) within a 
horizontal distance of-400 km. 
The total ozone maximum in Plate 7b occurs where there is 
complex vertical structure in PV. Local PV maxima (used here 
as an approximate surrogate for ozone mixing ratio) within the 
intrusion near 375, 300, and 250 hPa all contribute to the 
maximum in total column ozone. Above 150 hPa altitude, at 
40øN, PV values are near a local minimum. This supports the 
conjecture that at least near upper-tropospheric yclonic de- 
velopments, the large horizontal gradients in total column 
ozone are due primarily to low-altitude stratospheric air. The 
lower-altitude PV maxima suggest isolated pockets or stream- 
ers of ozone-rich air advecting within the intrusion. Bithell et al. 
[1999] illustrate the formation of PV "tubes" in midlatitude 
stratospheric intrusions. Vertical cross sections coinciding with 
nearby EP/TOMS tracks (not shown) suggest that the PV max- 
imum near 300 hPa is an elongated, high-PV tube of strato- 
spheric air. Northward of the total ozone maximum near 40øN, 
total ozone displays a slow decreasing trend to -49øN. The 
total ozone might be expected to decrease rapidly northward of 
42øN because of the higher tropopause and relative quiescence 
of the atmosphere in this region. It may be that the model is 
not resolving smaller features in the lower stratosphere, but it 
is more likely that complex structure exists above the highest 
level in the model. 
Along the TOMS track farther east (Plate 7c), the tropo- 
pause fold increases total ozone, with a dramatic increase 
occurring over the intrusion region. The total ozone peak near 
40øN appears to be enhanced by ozone (indicated by PV sur- 
rogates) at 125, 300, and 400 hPa. Projections (not shown) 
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between those of Plates 7b and 7c demonstrate that the PV 
maximum at 300 hPa in Plate 7c is part of the high PV tube at 
the same altitude in Plate 7b. The total ozone maximum at 
44øN is most likely related to enhanced PV near 225 hPa. At 
this latitude, there is also a PV maximum near 650 hPa, but it 
has no clear continuity with the stratospheric PV reservoir. 
Furthermore, the relative humidity in this region is greater 
than 85%. Nearby TOMS tracks do not show this relationship 
to the lower level PV. Thus the TOMS ozone data add cre- 
dence to the hypothesis that the lower tropospheric PV max- 
imum is generated by diabatic processes. 
Plates 7d-7e exhibit similar correlations of the total ozone 
with the 2 PVU-defined tropopause and PV maxima seen 
above the tropopause. The PV maximum near 275 hPa and 
44øN in Plate 7d suggests ozone-rich air at this location which 
contributes to the total ozone peak seen near 44øN. This en- 
hanced PV appears to be the eastward extension of a high PV 
tube associated with a PV maximum near the same location in 
Plate 7c. The maximum PV seen near 250 hPa at 46øN in Plate 
7d contributes to the total ozone maximum but to a lesser 
degree than the PV maximum at 44øN. This fact and the near- 
ness of this PV maximum to the tropopause suggests the pos- 
sibility of mixing of stratospheric air with tropospheric air. Two 
PV maxima help define the total ozone peak in Plate 7e. 
Between 41 ø and 45øN the ozone curve is relatively flat, even 
though the PV maximum near 350 hPa is ---6 PVU greater than 
the maximum almost tOO hPa lower in altitude. This is consis- 
tent with total ozone being a vertical integral of the product of 
ozone mixing ratio (implied by PV value) and atmospheric 
density (equation (2)). 
The origins of the enhanced total ozone bands may also be 
elucidated from the vertical cross sections in Plate 7. Plate 7b 
shows that the western band near 50øN correlates well with a 
small stratospheric intrusion and minor fold extending down to 
---375 hPa. Looking northward along the western band (Plates 
7c-7e), the total ozone enhancement ends to occur at the 
southern edge of the small local intrusion where a relatively 
large PV gradient exists. 
The tropopause pressure contours (Plate 5) do not show an 
obvious relationship to the eastern streamer. The vertical pro- 
jections across the eastern streamer (Plates 7d and 7e) show 
that the ozone-rich air here is correlated to the presence of a 
PV tube 25-50 hPa above the tropopause. 
4. Discussion 
Use of ozone data in conjunction with model fields (partic- 
ularly PV) can help diagnose both tropopause depressions and 
pockets of enhanced PV and ozone-rich air. As expected, the 
greatest total ozone gradient tends to occur near the southern 
edge of the general stratospheric intrusion where the PV- 
defined tropopause is most vertical. Within the cyclone, more 
localized high values of total ozone can be linked to pockets 
and tubes of large PV air in the lower stratosphere. Areas of 
exceptionally large total ozone with significant horizontal vari- 
ation in a region of a low tropopause may indicate complex 
stratospheric vertical structure. Related to this, ozone data are 
helpful in diagnosing air masses that have true stratospheric 
origins from those that have enhanced PV generated through 
diabatic processes from precipitation near the cyclone. A par- 
cel of air with large PV that does not show a corresponding 
increase in the total ozone field may indicate either PV gen- 
erated by tropospheric diabatic heating or TOMS observations 
obscured by optically thick clouds. Since the TOMS Version 7 
algorithm accounts for partially clouded fields of view, rela- 
tively small or thin clouds are not expected to completely mask 
the ozone signature of a parcel of true stratospheric origin. 
Care must be exercised when solely examining ozone fields 
to interpret dynamical phenomena. The two northern bands of 
enhanced total ozone in the case studied here may appear to 
indicate ozone-rich air flowing into the cyclone circulation. 
Comparisons with model fields, however, show that the bands 
are a result of lower stratospheric air flowing away from the 
cyclone. 
Davis et al. [1999] developed an algorithm for retrieving 
three-dimensional (3-D) winds from total column ozone fields. 
Their method requires some estimate of the vertical structure 
of PV to compute the 3-D PV field. The latter, in principle, can 
be inverted to obtain 3-D meteorological variables. However, 
the complex vertical structure of PV in the case investigated 
here would be a challenging test case for such algorithms. We 
are currently investigating other cyclogenesis cases to deter- 
mine the representativeness of the case studied here. 
The greatest potential benefit of TOMS ozone assimilation 
would be realized in the Southern Hemisphere where meteo- 
rological stations are sparse. Currently, the coarser Level-3 
(gridded) TOMS data are assimilated by the European Centre 
for Medium-Range Weather Forecasts (ECMWF) model. 
Additional benefit may be realized by utilizing the TOMS 
Level-2 data, particularly as global models and assimilation 
systems achieve greater resolution. Differences between model 
3-D PV fields and that assumed in an inversion algorithm could 
be used to quantify potential errors in the derived meteoro- 
logical fields. If derived fields from the fine-scale total column 
ozone data are to be incorporated in assimilation systems used 
operationally, error information such as this would be neces- 
sary (G. DiMego, NCEP, personal communication, 1999). Fur- 
ther analyses are needed to quantify the usefulness of fine- 
scale total ozone fields in determining vertical structure. 
5. Conclusion 
We have studied numerical-model analysis fields compared 
to total ozone measurements. A close relationship is shown to 
exist between total ozone and cyclonic system features on 
small-scales as well as larger synoptic scales. In the cyclone 
case investigated here, significant vertical variation is seen in 
the model fields, especially near the PV-defined tropopause. 
Vertical structure cannot be inferred from TOMS data di- 
rectly, but when used in tandom, consistency of the model and 
ozone fields serve to complement and enhance one another. 
For this cyclone, the total ozone increased by ---tOO DU as 
the TOMS instrument passed over the southern edge of the 
stratospheric intrusion. Within the intrusion, tubes and pockets 
of high PV and ozone air form and descend to normally tro- 
pospheric altitudes. Many localized ozone maxima observed in 
this region display a significant correspondence to the location 
of these tubes and pockets, demonstrating the fine-scale cor- 
relation of PV with ozone mixing ratio. Both these shallow 
pockets of recently descended stratospheric air and the low- 
ered tropopause contribute to the enhanced total ozone ob- 
served. Small-scale similarity of total ozone with geopotential 
heights on constant pressure surfaces within the stratosphere is 
also illustrated. 
The temporal resolution of TOMS data at midlatitudes 
handicaps its usefulness in diagnosing near-tropopause dynam- 
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ics of rapidly evolving events. It was fortunate in this case that 
the TOMS overpass of the cyclone coincided with a MAPS 
output time near the time of maximum cyclone intensity. Fur- 
thermore, if a cyclonic system spans two or more TOMS orbits, 
the east-west ime differences will be greater than an hour and 
a half. A total ozone instrument on a geostationary platform 
would alleviate these problems associated with the temporal 
resolution of available TOMS data. Additionally, colocated 
measurements of cloud top height incorporated into a geosta- 
tionary TOMS instrument would greatly benefit midlatitude 
and tropical ozone investigations. A geostationary TOMS 
would have a full disk view similar to current Geostationary 
Operational Environmental Satellite (GOES) platforms pro- 
viding reliable fine spatial resolution measurements for lati- 
tudes less than --•60 ø. Polar-orbiting TOMS instruments would 
still be required for Antarctic and Arctic ozone hole monitoring. 
Acknowledgments. The authors express their sincere thanks to the 
Facilities Division, Forecast Systems Laboratory for making available 
the MAPS model data. We appreciate the assistance of Jerry Ziemke 
and the other members of the TOMS Ozone Processing Group at 
Goddard Space Flight Center and Melissa Goering at Iowa State 
University. We thank three reviewers for their valuable comments. 
This work was supported by NASA grant NAG5-7271. 
References 
Allaart, M. A. F., H. Kelder, and L. C. Heijboer, On the relation 
between ozone and potential vorticity, Geophys. Res. Lett., 20, 811- 
814, 1993. 
Andrews, D. G., J. R. Holton, and C. B. Leovy, Middle Atmosphere 
Dynamics, 489 pp., Academic, San Diego, Calif., 1987. 
Benjamin, S. G., and B. E. Schwartz, Accuracy of ACARS wind and 
temperature observations determined by collocation, Weather Fore- 
casting, 14, 1032-1038, 1999. 
Bithell, M., L. J. Gray, and B. D. Cox, A three-dimensional view of the 
evolution of mid-latitude stratospheric intrusions, J. Atmos. Sci., 56, 
673-688, 1999. 
Danielsen, E. F., Stratospheric-tropospheric exchange based on radio- 
activity, ozone, and potential vorticity, J. Atmos. Sci., 25, 502-518, 
1968. 
Danielsen, E. F., R. S. Hipskind, S. E. Gaines, G. E. Sachse, G. L. 
Gregory, and G. F. Hills, Three-dimensional analysis of potential 
vorticity associated with tropopause folds and observed variations of 
ozone and carbon monoxide, J. Geophys. Res., 92, 2103-2111, 1987. 
Davis, C. A., S. Low-Nam, M. A. Shapiro, X. Zou, and A. J. Krueger, 
Direct retrieval of wind from Total Ozone Mapping Spectrometer 
(TOMS) data: Examples from FASTEX, Q. J. R. Meteorol. Soc., 125, 
3375-3391, 1999. 
Dobson, G. M. B., Exploring the Atmosphere, Oxford Univ. Press, New 
York, 1968. 
Ertel, H., Ein neuer hydrodynamischer wirbelsatz, Meteorol. Z., 59, 
271-281, 1942. 
Haynes, P. H., and M. E. Mcintyre, On the evolution of vorticity and 
potential vorticity in the presence of diabatic heating and frictional 
or other forces, J. Atmos. Sci., 44, 828-841, 1987. 
Henriksen, K., and V. Roldugin, Total ozone variations in Middle Asia 
and dynamic meteorological processes in the atmosphere, Geophys. 
Res. Lett., 22, 3219-3222, 1995. 
Hoskins, B. J., M. E. Mcintyre, and A. W. Robertson, On the use and 
significance of isentropic potential vorticity maps, Q. J. R. Meteorol. 
Soc., 111,877-946, 1985. 
Kleinschmidt, E., Uber Aufbau und Entstehung von Zyklonen (3. 
Teil), Meteorol. Rundsch., 4, 89-96, 1951. 
Lamarque, J.-F., and P. G. Hess, Cross-tropopause mass exchange and 
potential vorticity budget in a simulated tropopause folding, J. At- 
mos. Sci., 51, 2246-2269, 1994. 
McPeters, R., et al., Earth Probe Total Ozone Mapping Spectrometer 
(TOMS) Data Product User's Guide, NASA Tech. Publ. 1998- 
206895, 70 pp., 1998. 
Mote, P. W., J. R. Holton, and J. M. Wallace, Variability in total ozone 
associated with baroclinic waves, J. Atmos. Sci., 48, 1900-1903, 1991. 
Price, J. D., A. Howells, and G. Vaughan, Removal of meteorological 
synoptic-scale disturbances from TOMS total ozone fields, Geophys. 
Res. Lett., 21, 1475-1478, 1994. 
Reed, R. J., The role of vertical motions in ozone-weather relation- 
ships, J. Meteorol., 7, 263-267, 1950. 
Reed, R. J., A study of a characteristic type of upper-level frontogen- 
esis, J. Meteorol., 12, 542-552, 1955. 
Reed, R. J., Advances in knowledge and understanding of extratropi- 
cal cyclones during the past quarter century: An overview, in Extra- 
tropical Cyclones: The Erik Palmen Memorial Volume, edited by 
C. W. Newton and E. O. Holopainen, pp. 27-45, Am. Meteorol. 
Soc., Boston, Mass., 1990. 
Rood, R. B., A. R. Douglass, M. C. Cerniglia, and W. G. Read, 
Synoptic-scale mass exchange from the troposphere to the strato- 
sphere, J. Geophys. Res., 102, 23,467-23,485, 1997. 
Rossby, C.-G., Planetary flow patterns in the atmosphere, Q. J. R. 
Meteorol. Soc., 66, suppl., 68-87, 1940. 
Schubert, S. D., and M.-J. Munteanu, An analysis of tropopause pres- 
sure and total ozone correlations, Mort. Weather Rev., 116, 569-582, 
1988. 
Schwartz, B. E., S. G. Benjamin, S. M. Green, and M. R. Jardin, 
Accuracy of RUC-1 and RUC-2 wind and aircraft trajectory fore- 
casts by comparison with ACARS observations, Weather Forecasting, 
in press, 2000. 
Shapiro, M. A., and D. A. Keyser, Fronts, jet streams, and the tropo- 
pause, in Extratropical Cyclones: The Erik Palmen Memorial Volume, 
edited by C. W. Newton and E. O. Holopainen, pp. 167-191, Am. 
Meteorol. Soc., Boston, Mass., 1990. 
Shapiro, M. A., A. J. Krueger, and P. J. Kennedy, Nowcasting the 
position and intensity of jet streams using a satellite-borne total 
ozone mapping spectrometer, in Nowcasting, edited by K. Browning, 
pp. 137-145, Academic, San Diego, Calif., 1982. 
Stanford, J. L., and J. R. Ziemke, A practical method for predicting 
midlatitude total column ozone from operational forecast tempera- 
ture fields, J. Geophys. Res., 101, 28,769-28,774, 1996. 
Thorncroft, C. D., B. J. Hoskins, and M. E. Mcintyre, Two paradigms 
of baroclinic-wave life-cycle behaviour, Q. J. R. Meteorol. Soc., 119, 
17-55, 1993. 
Uccellini, L. W., Processes contributing to the rapid development of 
extratropical cyclones, in Extratropical Cyclones: The Erik Palmen 
Memorial Volume, edited by C. W. Newton and E. O. Holopainen, 
pp. 81-105, Am. Meteorol. Soc., Boston, Mass., 1990. 
Vaughan, G., and J. D. Price, On the relation between total ozone and 
meteorology, Q. J. R. Meteorol. Soc., 117, 1281-1298, 1991. 
Vaughan, G., J. D. Price, and A. Howells, Transport into the tropo- 
sphere in a tropopause fold, Q. J. R. Meteorol. Soc., 120, 1085-1103, 
1994. 
Ziemke, J. R., and J. L. Stanford, Kelvin waves in total column ozone, 
Geophys. Res. Lett., 21, 105-108, 1994. 
Ziemke, J. R., and J. L. Stanford, Correlation of total ozone with 
dynamical variables, in Atmospheric Ozone, Proc. XVIII Quadrennial 
Ozone Symposium, edited by R. D. Bojkov and G. Visconti, pp. 
97-100, World Meteorol. Org., Geneva, 1997. 
J. M. Brown, NOAA R/FS1, 325 Broadway, Boulder, CO 80303. 
(jmbrown@fsl.noaa.gov) 
W. A. Gallus, Department of Geological and Atmospheric Sciences, 
Iowa State University, Ames, IA 50011. (wgallus@iastate.edu) 
Mark A. Olsen and John L. Stanford, Department of Physics and 
Astronomy, Iowa State University, Ames, IA 50011. (molsen@ 
iastate.edu; stanford@iastate.edu) 
(Received October 15, 1999; revised February 17, 2000; 
accepted March 25, 2000.) 
